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Overproduction of CafA caused formation of chained cells and minicells. The cafA gene is located
downstream from the mre region at 71 min on the Escherichia coli chromosome map and was previously called
orfF. A long axial structure running through the chained cells, consisting of bundles of filaments assembled in
a long hexagonal pillar several micrometers long and about 0.1 to 0.2 ,um in diameter, was visible in both
phase-contrast micrographs of the lysozyme-treated cells and electron micrographs of ultrathin sections. The
CafA protein displays 34% amino acid similarity with the N terminus of the Ams protein of E. coli, which
cross-reacts with antibody to a nonmuscle myosin heavy chain.

The cafA gene is located at 71 min on the Escherichia coli
chromosome map, downstream from the shape determination
genes mreB, mreC, and mreD (17, 18). It is flanked upstream by
orfE and was previously called orfF (19). The functions of orfE
and cafA have not been determined. We report here some
significant effects of CafA overproduction on the cell morphol-
ogy of E. coli, in particular the formation of singular intracel-
lular structures which we call cytoplasmic axial filaments.

Construction of plasmids. Plasmids which carried a chromo-
somal fragment of E. coli encompassing either cafA (plasmid
pGS2) or orfE located upstream from cafA (pGS1), or both
cafA and orfE (pGS3) on high-copy-number plasmid pHSG398
(15), were isolated as shown in Fig. 1 and introduced into E.
coli K-12 strain MV1184 [ara A(lac-proAB) strA thi (480
lacZAM15) A(srl-recA)306::Tn10(Tetr)/F' traD36 proAB laclq
ZAM15] (16). The transformants were grown in M9 medium
supplemented with 1 mg of thiamine and 25 mg of chloram-
phenicol per liter, and cell shape was observed by phase-
contrast microscopy (Fig. 2).
Formation of chained cells and minicells due to overpro-

duction of CafA protein. Cells containing plasmids which
carried the cafA gene (pGS2 and pGS3) formed cell chains
containing round minicells (Fig. 1C and D) when the cells were
grown in M9 medium containing 0.6 mM isopropyl-p-D-galac-
topyranoside (IPTG) to induce overproduction of a 51-kDa
protein, CafA, the product of the cafA gene (Fig. 3A). No
chained cells and minicells were formed and no 51-kDa protein
was overproduced when the cells were grown in the absence of
IPTG (data not shown). Cells containing the vector plasmid
pHSG398 or plasmid pGS1, neither carrying the cafA gene,
caused neither overproduction of CafA (Fig. 3A, lanes a, b, e,
and f; Fig. 3B, lanes i, j, m, and n) nor formation of chained
cells or minicells (Fig. 2A and B). The results were similar
whether the cells were grown exponentially or grown slowly in
the stationary phase.
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Overproduced 51-kDa protein was purified from the cell
extract by high-pressure liquid chromatography, and its N-
terminal sequence was determined with a peptide sequencer.
The sequence of the 10 N-terminal amino acid residues was
Thr (or Gly)-Ala-Glu-Leu-Leu-Val-Asn (or Trp)-VaI-Thr-Pro,
in satisfactory agreement with the 11-amino-acid sequence
deduced from the nucleotide sequence of the cafA gene, which
is Met-Thr-Ala-Glu-Leu-Leu-Val-Asn-Val-Thr-Pro (19). The
first methionine residue had been removed from the protein,
and the amino group of the terminal threonine was not blocked
(about 80% of the calculated amount of the N-terminal amino
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FIG. 1. Plasmid construction. Chromosomal fragments, each ap-
propriately encompassing the gene cafA, the upstream flanking gene
orfE, or both, were inserted into the multicloning site directly after the
lac promoter (plac) of the high-copy-number plasmid pHSG398, which
carries the chloramphenicol resistance gene and lac promoter (15),
and the plasmids were used to transform E. coli MV1184. Abbrevia-
tions for restriction sites: Ba, BamHI; Bg, BgII; C, ClaI; EV, EcoRV;
K, KpnI; P, PstI; Sa, SalI; Sp, SphI.
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FIG. 2. Morphologies of cells overproducing CafA. Cells carrying
the plasmids shown in Fig. 1 were grown at 30°C under shaking in M9
medium containing 1 mg of thiamine per liter, 25 mg of chloramphen-
icol per liter, and 0.6 mM IPTG for 40 h to stationary phase. Cells were
suspended in saline, spotted on a thin film of 1% (wt/vol) agar in
deionized water, covered with a coverglass, and examined under a
dark-field phase-contrast microscope. (A) E. coli MV1184/pHSG398;
(B) E. coli MV1184/pGS1; (C) E. coli MV1184/pGS2; (D) E. coli
MV1184/pGS3. The bar represents 1 jum.

acid having been recovered as threonine). The 1,467-bp coding
frame of cafA was expected to encode a protein with a
molecular weight of 55,363, but the product migrated to the
position of a S1-kDa protein on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis.

Staining of the chromosome of the chained cells and mini-
cells with 4'6-diamino-2-phenylindole revealed that most mini-
cells and some normal-size cells in the chains had no chromo-
some (data not shown). The formation of anucleate cells and
minicells suggests that overproduction of the CafA protein
either enhances cell division beyond the normal rate or inhibits
partition of chromosomes after replication or both.

Formation of giant spheroplasts and microscopic observa-
tion of cytoplasmic axial filaments. Upon treatment with
lysozyme, the chained cells and minicells were converted into a

unique large spheroplast, indicating that cell division may have
been incomplete, the cytoplasm of the chained cells remaining
connected through the constriction caused by uncompleted
septation (Fig. 4). Moreover, an axial filamentous structure
several micrometers in length and running throughout the inside
of the spheroplast was visible under a phase-contrast micro-
scope. This structure sometimes protruded from the sphero-
plast into the medium, suggesting a tough, elastic nature.

Electron microscopic observation of chained cells contain-
ing cytoplasmic axial filaments. Cells of E. coli MV1184/pGS2
were grown as described in the legend to Fig. 4 and then fixed
by two different methods. In the conventional method, the cells
were fixed in 3% glutaraldehyde for 2 h and then with 1%
osmium tetroxide for 2 h and dehydrated with ethanol and

4

FIG. 3. Overproduction of CafA. Shown are Coomassie blue-
stained sodium dodecyl sulfate-polyacrylamide gel electrophoregrams
of the cytoplasmic proteins. Cells and growth conditions were similar
to those described for Fig. 2. (A) Cells grown in M9 broth supple-
mented with thiamine, chloramphenicol, and IPTG; (B) cells grown in
Lennox broth (7) supplemented with 20 mg of thymine per liter, 25 mg
of chloramphenicol per liter, and 0.6 mM IPTG. Growth temperature
was 30°C. Lanes: a to d and i to 1, logarithmically growing cells (A660
= 0.3); e to h and m to p, stationary-phase cells (A660 = 1.5 for lanes
e to h and 3.0 for lanes m to p). E. coli cells used: lanes a, e, i, and m,
MV1184/pHSG398; lanes b, f, j, and n, MV1184/pGS1; lanes c, g, k,
and o, MV1184/pGS2; lanes d, h, 1, and p, MV1184/pGS3. Arrows
point to the 51-kDa protein. Overproduction of the 51-kDa protein
was not observed in the absence of IPTG (not shown).

acetone. In freeze-substituted fixation, which is especially
suited for visualizing ultramicroscopic structures of eucaryotic
cells (3, 6), cells collected by centrifugation were sandwiched
between two copper meshes to form a thin layer of cells and
plunged into liquid propane cooled with liquid nitrogen,
causing the two meshes to cohere. The meshes were then
peeled apart to form a thin aqueous layer containing the cells
on the meshes. This material was transferred to 2% osmium
tetroxide in anhydrous acetone at - 80°C in a solid CO2-
acetone bath, maintained at this temperature for 48 h, at
- 35°C for 2 h, at 4°C for 2 h, and finally at room temperature
for 2 h, and then washed with anhydrous acetone three times at
room temperature. After fixation and dehydration, the samples
were infiltrated with increasing concentrations of Spurr's resin
(finally 100%) (14). The resin was polymerized in capsules at
50°C for 5 h and then at 70°C for 30 h. Thin sections were cut
on a Reichert Ultracut N and stained at room temperature with
uranyl acetate and then with lead citrate (12). Sections were
viewed with a JEOL 200 CX electron microscope at 100 kV.

Electron microscopic observation of ultrathin sections of the
cell chains revealed the presence of huge axial filamentous
bundles running through the chained cells at the center of the
cytoplasm (Fig. 5). These bundles were several micrometers
long and 0.1 to 0.2 ,um in diameter. Electron micrographs of
lateral thin sections of the chained cells and minicells showed
that the constrictions of the dividing cells were in fact unclosed,
the space between the cell membranes and the filament
bundles having been filled with cytoplasmic material (Fig. 5A
and B). In single cells, bundles of filaments could be seen
spanning the two cell poles at the cytoplasmic membranes (Fig.
SC). The structure appeared rigid and rather straight when the
cells were fixed by a conventional glutaraldehyde method but
appeared more elastic, like microtubules (eucaryotic cytoskel-
etal structures functioning in separation of the daughter chro-
mosomes), when the cells were fixed by freeze substitution
(Fig. SD). Ultrathin sections perpendicular to the cell axis
displayed sharp hexagonal cross sections of the axial structure
at the center of the cell (Fig. SB and E). These structures, which
we call cytoplasmic axial filaments, were observed in almost
every CafA-overproducing cell grown in the M9 culture.
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FIG. 4. Phase-contrast microscopic observation of unique giant spheroplasts formed from cell chains after treatment with lysozyme and
appearance of cytoplasmic filament bundles. Cells of E. coli MV1184/pGS2 grown at 30°C for 40 h in Lennox broth (7) supplemented with thymine,
chloramphenicol, and IPTG were suspended in spheroplasting buffer (pH 8.0) containing 100 mM Tris-HCI, 1 mM EDTA, and 15% sucrose and
were spotted on a thin film of spheroplasting agar containing 1% agar and 50 ,ug of lysozyme per ml in spheroplasting buffer spread on a glass slide.
The samples were covered with a coverglass, incubated at 20°C for the times indicated, and observed under a dark-field phase-contrast microscope.
Panels A, B, and C are different views. Arrowheads show formation of unique spheroplasts from cell chains (A) and protrusion of filament
structures (B and C). The bar represents 1 ,um.

Do cytoplasmic axial filaments form a cytoskeletal structure
involved in chromosome segregation and cell division? The
cytoplasmic axial filaments could also be lysed or dispersed
when cells overproducing CafA were inoculated into a rich,
rapid growth medium such as Lennox broth (7) supplemented
with 20 mg of thymine per liter with or without 0.6 mM IPTG.
The filament bundles then disappeared from the electron
micrographs, leaving small aggregated granules in the cyto-

plasm (electron micrographs not shown). This change in
growth conditions caused a decrease in 51-kDa protein (Fig.
3B) and simultaneous disappearance of cell chains. New axial
filament bundles appeared when the cells reached slow, sta-
tionary growth. Thus, turnover of the CafA protein and the
axial filaments may occur. The cytoplasmic axial filaments may
also be present in the rapidly growing cells, but only in an
invisibly thin form. Quite probably, such a structure is also
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FIG. 5. Electron micrographs of ultrathin sections of CafA-overproducing cells. Cells and growth conditions were similar to those described for
Fig. 4. (A and B) Lateral sections of the cell chains containing minicells, showing bundles of straight cytoplasmic axial filaments (glutaraldehyde-
osmium tetroxide fixation). Some cross sections are also visible. (C) Lateral section of a single cell containing multiple bundles of cytoplasmic axial
filaments spanning the insides of the two poles of the cell (glutaraldehyde-osmium tetroxide fixation). (D) Lateral section of cell chains, showing
rather flexible-looking cytoplasmic axial filament bundles (freeze-substituted fixation). Some cross sections are also visible. (E) Vertical section of
a cell, showing a hexagonal cross section of the cytoplasmic axial filament bundle (freeze-substituted fixation).

present in normal cells and turns over during cell growth and
division. If that is the case, then the structure in question may
participate in cell division or chromosomal segregation. For-
mation of minicells is known to be caused by a defect in the
normal regulation of cell division (13, 20). The possibility that
the cytoplasmic axial filaments function as a cytoskeletal
protein is also suggested by the fact that the amino acid
sequence of the total CafA protein (19) displays similarity of
34% with the N-terminal portion of the 114-kDa protein
encoded by the ams gene (1, 8). The ams gene, which is related
to the stability of mRNAs, is identical with hmpl and rne, and
the product of this gene is cross-reactive with antibody to the
heavy chain of yeast myosin (1, 2). We have not yet purified the
cytoplasmic axial filament bundles or compared their constit-
uents with the CafA protein by amino acid sequencing or
determination of cross-reactivity with antibody raised against
the CafA protein. The possibility that the CafA protein is only
one of the components of the cytoplasmic axial filament
bundles, or merely regulates the formation of this structure,
has not yet been ruled out. One possibility is that the dy-
namine-like 177-kDa protein encoded by the mukB gene (9),
which is thought to be involved in the positioning of replicated
chromosomes in E. coli (5, 9), may participate in the function-
ing of the CafA protein.
The upstream flanking orfE gene, which encodes the 22-kDa

OrfE protein (19), displays a high degree of similarity with the
23-kDa protein product of orfY (reference 10 and GenBank
accession number M96791), which is reported to be located
upstream from ams with an intervening sequence, orgX. Simi-
larity of the longer region orfE-cafA at 71 min on the E. coli
chromosome map with orfY-(orJX)-ams at 24 min suggests
closer biological functions of the corresponding genes. Al-
though not yet established, the function of the Ams protein is
thought to be cytokinetic, translocating RNA in the cell, rather
than acting as an RNase itself (1, 8). Possibly the function of
the CafA protein is also cytoskeletal, or cytokinetic, involved in
chromosome segregation and cell division. However, we found
no phenotypic changes in mutants defective in cafA (11, 17).
Isolation of an appropriate double mutant of the relevant
genes, such as a cafA ams mutant, may be necessary to
determine the function of the cafA gene.

Similar axial structures which appeared when a mutant FtsA
protein was overproduced have also been reported (4). These
structures seem to be different in the size and location in the
cell from those formed when the CafA protein was overpro-
duced. Possibly there are multiple axial filamentous structures
in the cell, which might function in compensating for the lack
of each other.
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